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materials), the effect of pressure -rather than temperature -has rarely been studied [17] [18] [19] .
A Spark Plasma Sintering (SPS) operates under relatively low pressure (below 0.1 GPa) nevertheless provides fast densification of powder-based precursor materials due to highly localized temperature increases caused by the application of pulsed current [20] . The pulsed current has a cleansing effect on particle surfaces, which results in very low or zero oxygen concentration at grain boundaries. Several HEAs have been consolidated [21, 22] or synthesized [23] by SPS, the results give only a partial overview of the phase stability or the equation of state of the respective systems.
High-pressure investigation of fcc-structured CoCrFeNiMn [24] highlight the extraordinary potentials hidden in the pressure-dependent phase diagrams of multicomponent alloys. The role of pressure in the phase stability of phase pure and intermetallic containing HEAs is thus the second major component of the work presented here. A consistent high-pressure high-temperature (HP─HT) in situ investigation of microstructure evolution and phase transformation in B2-structured Al 2 CoCrFeNi and Sc-containing Al 2 CoCrFeNi is reported in the current study.
Experimental details

Materials and primary characterization
fcc-Al 0.3 CoCrFeNi, bcc-Al 2 CoCrFeNi and bcc-Al 2 CoCrFeNi + 3 at.% Sc were prepared using induction melting from powders of pure metals. Samples were melted in h-BN crucibles in an Ar filled glove-box. Complete melting of the samples was achieved above 1580 K. After 1-2 minutes at the melting temperature, the sample was cooled down naturally to room temperature. The samples were re-melted three times to ensure homogeneity. They were then powdered using a 
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After annealing, the tubes were quenched in ice water. Samples atomic compositions are summarized in Tables S1-S2. For microstructure and elemental analysis, all samples were mounted in carbonised resin, polished using MetaDiTM Supreme Polycrystalline Diamond Suspension (1 µm). As-cast and annealed samples at ambient pressure were etched with a 5 % solution of HNO 3 in ethanol. Morphology and elemental compositions were analysed using a Hitachi S-4800 Field Emission scanning-electron microscope (SEM) equipped with energy dispersive X-ray (EDX) analyser. The average elemental composition was obtained from 2.5×1.5 mm maps. Vickers hardness was measured on a WilsonR VH3100 Automatic Knoop/Vickers Hardness tester. 25 individual points under 9.81 N (1 kg) testing load were measured to obtain statistically significant results. Density was measured using flotation in water in the ATTENSION equipment. 5 measurements were averaged.
High-temperature in situ experiments
In situ high-temperature X-ray diffraction data for the powdered bcc-Al 2 CoCrFeNi and bccAl 2 CoCrFeNi + 3 at.% Sc samples were collected at the I-11 beam-line at the DIAMOND light source (λ = 0.494984 Å). A wide-angle position sensitive detector based on Mythen-2 Si strip modules was applied to collect the XRD data. The detector was moved at constant angular speed with 10 s scan time at each temperature and 60 s waiting time in order to let the temperature stabilize. The powdered alloys were sealed in 0.5 mm quartz capillaries in vacuum, and heated in the capillary furnace from 300 to 1400 K with axial rotation [25] . Oxidation has been detected above 1270 K, which is probably due to the reaction of the metallic alloy with quartz at high temperature, resulting in capillary destruction. Radial diffraction data were calibrated, corrected and integrated using v17 of the FIT2D software [26] . The same software was applied for plotting temperature and pressure dependent PXRD images. Cell parameters for selected PXRD patterns M A N U S C R I P T A C C E P T E D
High-pressure high-temperature treatment
Bcc-Al 2 CoCrFeNi and bcc-Al 2 CoCrFeNi + 3 at.% Sc alloys were powdered using a ball-mill and further sintered under compression using piston-cylinder press at 2.1 GPa, and with two laboratory multi-anvil devices (sintering under 9.5 and 18.5 GPa compression) and in DACs (up to 60 GPa at RT). Piston-cylinder and multi-anvil presses allowed a recovery of specimens with the dimensions suitable for further mechanical characterization.
Heating of bcc-Al 2 CoCrFeNi and bcc-Al 2 CoCrFeNi + 3 at.% Sc at ambient pressure from 298 to 1270 K investigated in situ suggests a presence of several phase transitions above 870 K. For comparison, bcc-Al 2 CoCrFeNi and bcc-Al 2 CoCrFeNi + 3 at.% Sc were annealed at ambient pressure and spark-plasma sintered bcc-Al 2 CoCrFeNi at 0.05 GPa above the respective transition temperatures. At the pressure of 2.1 GPa, bcc-Al 2 CoCrFeNi and bcc-Al 2 CoCrFeNi + 3 at.% Sc were annealed just below their corresponding melting temperature. Finally, the effect of temperature at 9.5 GPa was studied in situ up to 1500 K. All preparation conditions and corresponding phase compositions are reported in Table 1 .
For SPS experiment, 300 g of bcc-Al 2 CoCrFeNi powder were sintered using a FCT Systeme GmbH Spark Plasma Sintering Furnace type H-HP D 250 located at Kennametal Manufacturing (UK) Ltd. The tooling consisted of graphite punch and ring elements and carbon-fibre resistance heating elements. 0.35 mm graphite foil was used for lining the graphite elements. The powder under investigation was loaded into the mould. Only the graphite foil was in contact with the powder. To enable a DC current to pass through the tooling, water cooled rams are used, which clamp the tooling and apply force during sintering and conduct current through the tool and powder.
The load provided to the tool from the rams was increased during the processing cycle: a) Achieve vacuum (less than 1mbar abs); contact load on rams of 10MPa; b) Heat tooling/powder at a uniform rate until 500°C is reached; M A N U S C R I P T
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d) The tool set is held at 1123 K for 10 minutes; e) Cooling phase for 1 min. during which time the load is removed; further cooling for 30 mins; f) Throughout the heating phases, a repeating pulsed DC current scheme was used of '36 ms pulse on' and '8 ms pulse off', as successfully reported for the consolidation of aluminiumbased metal matrix composites [28] .
Throughout the cooling phases, the vacuum was maintained until a temperature of less than 100°C was indicated when the vacuum was removed and the tooling retrieved.
The high-pressure experiments at 2.1 GPa were performed in an end-loaded piston cylinder apparatus installed at the Institut für Mineralogie, WWU Münster [29] . bcc-Al 2 CoCrFeNi and bcc- 
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using the third-order Birch-Murnaghan isothermal equation of state (B-M EoS) [35] , which fits experimental data better in comparison with other EoS (Figure 1 ). The volumetric thermal expansion coefficient for bcc-Al 2 CoCrFeNi, ߙሺܶሻ = ߙ + ߙ ଵ ܶ, was obtained by fitting thermal dependence of its atomic volume: Table 2 ), where V/Z is atomic volume with a number of atoms in elemental cell Z = 2 for bcc and 4 for fcc structure.
fcc-Al 0.3 CoCrFeNi and bcc-Al 2 CoCrFeNi do not show any phase change under room temperature compression below 60 GPa (Figure 1 ).
In as-cast bcc-Al 2 CoCrFeNi sample, the presence of (1 0 0) super-lattice peak in the PXRD profile of the alloy (Figures 2 and 3) indicates long-range ordering (B2 type) reported for Al-rich HEAs sub-lattice [36] [37] [38] [39] . The lattice parameter of the as-cast alloy (a = 2.877(2) Å) is consistent with the values reported by Kao [19] . The bcc-Al 2 CoCrFeNi microstructure is dominated by large (∼100 µm) grains and, unlike previous studies, does not show non-equiaxed dendrites [40, 41] (Figure 4a ).
Chromium segregation is clearly visible in the as-cast material, but is reduced by heat treatment.
The ordering of a metal in a high-or medium-entropy alloy has been previously reported to be spindriven [42] , with chromium ordering to be considered a way to eliminate magnetic frustration and lead to the reduction of free energy [43] . At ambient pressure, DSC results for bcc-Al 2 CoCrFeNi display a sigmoid-like reversible transition at 890 K ( Figure S1 ), associated by Gao in a theoretical work with the transition bcc 1 +bcc 2 +B2 → bcc+B2 [44] . The divergence between the results reported here and Gao's interpretation might arise from the profound differences in the crystal structure of the nominally equivalent starting material [36] [37] [38] [39] . 
plasma sintered sample's PXRD profiles reflect any change from the as-cast alloy (Figures 2a and   2c ). Where the annealed pellet is concerned, the microstructure is dominated by nano-scale spherical particles, with features similar to those reported by Kao for annealing at 1173 and 1373 K The main advantage of SPS is to achieve very high heating rates on materials where a fine grain size is desirable. SPS is comparable to Hot Pressing but the mechanism for heating differs with SPS providing a direct current through the powder. Hot Pressing is typically heated via radiation to the external surface of a container and hence the heating rate is relatively slow. It has been suggested that SPS direct current application enhances densification by promoting diffusion mechanisms over grain growth. Further, the process is characterised by the short process timescales which are preferred over slow and energy intensive processes.
It has been suggested that the direct current and, more specifically, the pulsed current has a cleaning effect on particle surfaces which in turn results in very low or absence of oxygen at grain boundaries. There is no evidence thus far on whether "plasma" is evident during SPS processing; however, the "cleaning" suggestion lends itself well to this idea [46] .
Previous works on Ti based alloys have indicated that higher sintering temperatures and pressures have the most significant influence on the final density [47] . The feedstock particle size and M A N U S C R I P T
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It is also interesting to note that alloys processed via this method would typically be subject to further thermomechanical processing in order to achieve not only a required near-net finished shape but also to achieve the required mechanical properties.
Low densification is still relevant with the high-pressure high-temperature treatment of bcc- The rapid exsolution of a secondary fcc-structured phase with a = 3.623(7) Å from the original B2 phase occurs above 740 K and can be followed from its (1 1 1), (2 0 0) and (1 1 0) diffraction lines.
A second event occurs above 800 K, corresponding to the formation of a second unknown phase (possibly a primitive cubic phase). The fcc (1 1 1) diffraction line partly overlaps with the (2 0 0) MgO diffraction line (assembly material on the outer surface of the sample), but the (2 0 0) fcc line can be clearly followed. At 1500 K, the sample consists of B2 phase and 6 wt.% fcc phase. Upon quenching, at 450 K the first fcc phase undergoes exsolution of a second fcc 2 phase, whereas the B2 HP─HT phase can be quenched, recovered and further characterized. Its microstructure is similar to the original as-cast alloy, but does not exhibit nano-structuring (Figure 4e ).
Vicker's hardness tests performed on the different bcc-Al 2 CoCrFeNi samples establish a direct dependence of hardness on the applied pressure ( Figure 5 ). The as-cast material loses part of its M A N U S C R I P T
Surprisingly, however, HT treatments at 2.1 GPa and 9.5 GPa show an increase in hardness of almost 20 % compared to the original as-cast alloy.
In the light of the above results we have established the importance of pressure for the tuning of mechanical properties in HEAs. The combined influence of HP─HT treatments extends from B2 phase stabilization to HT resistance, microstructure refinement and hardness enhancement.
Springing from its extraordinary influence on microstructure and mechanical properties of Al-based alloys, the term "scandium effect" came to define the benefits brought about by the precipitation of Sc-containing intermetallics in multicomponent alloys [52, 53] . The addition of small (≤ 3 at.%)
quantities of scandium to bcc-Al 2 CoCrFeNi add a degree of complexity to the system and its phase diagram, but also affects the alloy's mechanical properties. A 3 at.% Sc addition of scandium is enough to increase the hardness of the as-cast bcc-Al 2 CoCrFeNi by almost 10 % ( Figure 5 ).
At room temperature and ambient pressure, the as-cast bcc-Al 2 CoCrFeNi + 3 at.% Sc alloy consists of a mixture of B2-structured matrix (a = 2.88(2) Å) and a ternary hexagonal intermetallic (detected as three diffraction lines between 5.9-6.3°). Secondary phase can be associated with W-phase analogue AlCuSc (MgZn 2 type) in which Al and Cu sites are occupied by Al, Co, Fe or Ni [54] .
The W-phase precipitates along grain boundaries causing grain refinement, whereas the B2 matrix contains only a barely detectable amount of Sc (≤ 0.4 at.%) (Figures 4b and 4d) . Currently, not many HEAs were investigated under HP─HT conditions. Existing compressibility parameters and thermal expansion data are summarized in Fcc-Al 0.3 CoCrFeNi has smaller atomic volume and larger bulk modulus, now has the record number among medium density HEAs (Table 2) . fcc-CoCrFeMnNi also shows larger bulk Table 2 ).
The present work portraits a wide investigation of the parameters, which influence phase formation and stability in HEAs. The relatively mild experimental conditions used during SPS and in multianvil press are not enough to obtain a material of density comparable with the as-cast alloy. In fact, while densification by SPS is promoted by the current flow between particles, HEAs have been reported as having higher electrical resistivity values in comparison with conventional alloys [51] .
The results obtained at 2.1 GPa (1253 K) and 9.5 GPa (1000 K) with respect to the one at 9.5 GPa and 1500 K highlight the prominent role of temperature over pressure in the densification of the bcc-Al 2 CoCrFeNi powders. Plastic deformation and ultimate densification can only occur after appreciable bonding between particles has taken place. It is thus quite likely that densification M A N U S C R I P T
The role of pressure and temperature is pivotal in every step of sample processing, because it deeply affects not only sintering process but also phase stability. The body of experiments points out to the exceptional stability of the B2 phase from ambient pressure to 65 GPa, as the alloy does not undergo any pressure-driven phase transitions at room temperature. Conversely, heating the alloy at ambient pressure results in the exsolution of 40 % of the B2 phase in two fcc phases (above 893 K).
The behaviour of the alloy is very different when heating is performed under compression. The transformation occurring in the Al 2 CoCrFeNi HEA can be summarized as follows: Homogeneous precipitates in alloys affect the HP─HT stability of the primary HEA phase. The Sccontaining MgZn 2 -type secondary phase has previously been reported for Al─Cu-based alloys as detrimental to mechanical properties, since it inhibits the formation of the Al 3 Sc intermetallic [52] [53] [54] . To study its interaction with a complex matrix can thus prove useful for further tuning of functional properties. At ambient pressure, the intermetallic leads to a 10 % hardness increase and delays the B2 to fcc transition by an extra 150 K. The stabilization effect could be related to the higher thermal stability of the secondary phase, acting as barrier to diffusion through grain boundaries. While either pressure or compound precipitation can singularly delay the transition from B2 to fcc, together they display a synergistic effect. The specimen containing 3 at.% Sc and pressed under a load of 9.5 GPa shows no traces of fcc phase and can be recovered as a pure B2
phase. It displays a microstructure comparable to the original as-cast HEA, with a 20 % hardness increase. The dissolution of the intermetallic phase in the matrix at 9.5 GPa and 1500 K represents M A N U S C R I P T
Nevertheless, HP─HT treatment results in its dissolution in the HEA matrix with the formation of a single-phase Sc-doped alloy. An adequate high-pressure high-temperature treatment could thus be functional in dissolving the analogous AlCuSc W-phase in Al─Cu alloys, while retaining the benefits of scandium additions upon quenching.
Conclusions
In the current study, specimens consisting of the fcc-Al 0.3 CoCrFeNi and B2-stuctured single-phase Al 2 CoCrFeNi HEA without or with a 3 at.% scandium addition were studied in extreme temperature and pressure conditions. The application of pressure and the precipitation of a scandium intermetallic along grain boundaries can single-handedly enhance the stability of the alloy, but together display a synergistic effect which prevents the exsolution of secondary phases. at.% Sc (h); and after quenching from 1500 K, 9.5 GPa without Sc (i) and 3 at. % Sc (j). 
